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Abstract 
Gas hydrates attract the attention of many industries for various potential applications such as gas separation and storage. To industrialize the 
gas hydrate technology, rapid hydrate formation at mild conditions is crucial. Chemical additives such as ionic liquids were investigated for 
hydrate promotion. The knowledge of physical-chemical properties of ionic liquids is crucial in development of gas hydrate technology in 
industry as these fundamental properties determined the hydrate formation rate. This work measures the density, pH, electrical conductivity, 
and surface tension of aqueous tetrabutylammonium hydroxide solutions. The concentrations were chosen to cover the common hydrate 
promotion range of 0.001-10 wt%. The results showed high dependence of the studied properties on the concentration. pH and electrical 
conductivity were increased with increase of TBAOH concentration conversely to density and surface tension. The amount of CO2 consumed 
to form the hydrate was measured at a pressure of 35 bar and a temperature 274.15. Significant increase of CO2 consumption in the presence of 
TBAOH solutions was observed.  However, as the concentration increased, more CO2 was consumed. 
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1. Introduction 
Ionic liquids (ILs) are defined as compounds that are entirely constituted by organic cations and inorganic or organic anions, with 
melting points below 373K [1]. ILs that remain as liquids in their pure state at room temperature conditions are known as Room 
Temperature Ionic Liquids (RTILs) [2]. Generally, ILs exhibit unique characteristics such as a negligible vapor pressure, non-
flammability, high thermal and chemical stability, and are good solvents for a large number of organic and inorganic compounds. 
In addition, their physical and chemical properties such as melting point, viscosity, and solubility of compounds can be tailored 
by adjusting their chemical structure [2, 3]. The physical-chemical properties of ionic liquids depend on the nature and size of 
both cation and anion constituents. For instance, an ionic liquid containing cation’s with low symmetry possess a lower melting 
point when compared to cation’s with high symmetry. Simple changes in the cation and anion combinations allow the properties 
of ionic liquids to be designed for specific purposes [2]. This interesting and readily adjustable ability has currently been 
explored and used as a novel solution in a few applications such as gas separation [4, 5], ion conduction polymer [6], 
electrochemistry [7, 8], catalysis [9, 10], and gas hydrate promotion and inhibition. A growing impetus for ILs research is the 
captivating feasibility to use them as alternatives for traditional promoters in the gas hydrate formation. The term “Gas hydrates” 
refers to ice-like crystalline materials which are consistent of mostly water molecules as a host and a suitable-sized guest, i.e., 
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CH4, C2H6, and CO2. Gas hydrates have a high potential to be used for CO2 capture, water desalination, and gas transportation. 
Some chemicals are used to promote hydrate formation. Two such kinds of hydrate promoters are available; i.e.  Thermodynamic 
Hydrate Promoters (THPs) which can form hydrates at mild conditions such as tetrahydrofuran THF. The other one is Kinetic 
Hydrate Promoters (KHP), which is a surfactant that is used at low concentrations to accelerate the hydrate formation by 
reducing the surface tension and enhancing the mass transfer. ILs were recently discovered to be hydrate promoters. Amongst 
these ILs are TBA salts. According to Mohammadi et. al [11], TBA salts are competent at altering the structure of traditional 
hydrate. This odd characteristic allows the increase of the hydrate equilibrium temperature, thus achieving higher thermal 
stability. Moreover, Mohammadi also reported Tetrabutlyammounium Bromide (TBAB) as a hydrate promoter by shifting the 
hydrate formation equilibrium curve to the right hence enabling more accessible hydrate formation at atmospheric condition. 
Another series of TBA salts are investigated by Deschamps et al. [12] for hydrate formation. Tetrabutylammounium Fluoride 
(TBAF) demonstrates higher stability at atmospheric conditions and Tetrabutylammounium Chloride (TBACl) is amongst 
promoters that improve the hydrate storage capacity the most. Fan et al. and Aladko et al. [13, 14] reported that TBAF is most 
stable at higher temperature amongst TBA halide. Another class of TBA salts which is tetrabutylammonium hydroxide 
(TBAOH) has been used to promote the formation of hydrogen hydrates thermodynamically [15]. TBAOH was found to be a 
good replacement for conventional hydrogen storage methods. These achievements indicate that TBA salts promise to be applied 
as hydrate promoters in gas separation application and gas storage. It is worth mentioning the fact that some ILs were able to 
reduce the surface tension [16]. In addition, quaternary ammonium salts are cationic surfactant which can reduce the surface 
tension [17]. By taking the aforementioned facts into consideration, there exists a high opportunity for TBA salts to work as 
KHP. The surface tension is important to correspond to the mass transfer resistance between the gas-liquid interfaces in the 
hydrate formation promotion [18]. Consequently, a complete physical characterisation of the IL solutions is crucial in order to 
extend those proposed applications. Electrical conductivity and pH is an indication of the movement of electric charge and give a 
deeper sense of information on the interaction between the solvents and solute [19]. As published previously the electrical 
conductivity can be an indicator of the performance of chemical additives in the hydrate studies [20, 21]. pH measurement is 
vitally important in order to use aqueous IL solutions in all applications. It reflects the corrosivity, which can severely damage 
instruments and pipelines. Another aspect to consider is the impact of pH on the chemical process and reactions. Density 
measurement also is an important parameter which is needed for industrial processes. In addition, it is needed to measure the 
surface tension based on the shape of the drop. The surface tension is a crucial parameter when different phases are present like 
in the formation of gas hydrate. Such a process is believed to occur at the interface between the water and the overlying gas 
phase, and should be dependent on the access of the gas to the surface and the transfer of material across the interface. A clearer 
understanding of the mechanisms behind the promotion process requires an examination of the surface properties of the aqueous 
promoter solution. In this work, aqueous solutions of tetrabutylammonium hydroxide are prepared at different concentrations. 
Density, electrical conductivity, pH, and surface tension are measured at moderate temperatures. Other than that, carbon dioxide 
mole consumption is measured at an initial pressure of 35 bar and a temperature 274.15 K. The fundamentals data about ILs may 
provide a better understanding about their behaviour. The influence of the concentration on the physical chemical properties is 
studied by mixing TBAOH with water, whilst covering the promoter range of concentrations.  
2. Methodology 
2.1. Materials 
The chemical used in this work is tetrabutylammonium hydroxide with ı 99.0% purity, which was purchased from Sigma-
Aldrich. Deionized water is used to prepare different solutions at concentrations 0.001-10 wt%. Deionized water was produced 
and purified with an RO membrane TKA-LabTower from Thermo Scientific. The Resistivity of produced deionized water was 
18 MΩ. Samples were prepared and weighed using an analytical balance with an accuracy of ±0.1mg. All IL solutions were kept 
in airtight bottles. CO2 gas with purity of 99.99 % was supplied by Air Product. 
2.2. Apparatuses and procedures 
2.2.1. Density measurement 
Densities were measured at atmospheric pressure and temperature of 274.15 K using the ratio of its mass to its volume method. 
Samples are poured into 10 ml volumetric flask until it reaches the 10 ml line level. The 10 ml volumetric flask is precise to be 
within ±0.025 ml range. The weight of the sample is determine using AND HR-250AZ analytical balance. The standard 
deviation of repeatability is estimated to be is 0.1mg. 
2.2.2. Electrical conductivity and pH measurement 
The measurement of electrical conductivity is carried out using SCHOTT Lab 960. It is equipped by probe with 4-pole cell made 
of graphite and enables measuring the conductivity in a quick and reliable manner. The probe is capable of measuring 
conductivity with an accuracy of ±0.5% using an alternating current. Samples of aqueous solutions of IL at different 
concentration are placed in a small beaker. The current temperature of solution is measured. The temperature is essential for the 
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reproducibility of the conductivity measurement. The test is done at temperature of 274.15 K. The probe is placed directly into an 
IL solution and it is verified that the cells are totally immersed in the test solution. The reading is displayed through the screen 
and recorded once it is stabilized. The measurement is repeated a few times. 
For pH measurement, SCHOTT Lab 860 probe is used to measure the acidity or basicity of solutions. It has an electrode attached 
to the meter and the corresponding reading can be taken from the screen. Both conductivity and pH meter are calibrated 
according to the manual provided by the manufacturer. A simple and quick method is used by immersing the probe directly into a 
beaker that contains IL solution. The result appears on the screen and is recorded once it is stabilized. 
2.2.3. Surface tension  
The surface tension of aqueous solutions of TBAOH is measured using a special standard contact angle Goniometer known as 
ramé-hart Model 260 with DROPimage Advanced feature. The apparatus precision is made to be within ±0.10˚. The ramé-hart 
proportional temperature controller permits precisely regulated temperatures between ambient and 300˚C and is used in 
conjunction with the ramé-hart Environmental Chamber. The desired temperature is controlled at precision of ±0.10˚C. 
Advanced software has methods-based experiment design tool which allows the measurement of liquid-liquid surface contact 
angle, surface and interfacial tension. The high speed upgrade kit includes a 210 fps high speed digital camera that enables the 
capture of image and high speed video capture of the drop. The measurement is done based on the pendant drop which is a drop 
suspended from a needle in gaseous phase. The shape of the drop results from the relationship between the surface tension and 
gravity. In the pendant drop method, the surface tension or interfacial tension is calculated from contact angle which is calculated 
by interpolation of the theoretical profile represented by the value of gamma and beta and the difference in the density 
parameters. 
 
 
 
 
 
 
 
 
 
 
Figure 1: Pendant drop image of pure water sample using Goniometer. 
 
2.2.4. Amount of CO2 consumption 
CO2 mole consumption was measured using a kinetic batch reactor system (Figure 2). This apparatus consists of a high-pressure 
stainless steel vessel with an internal volume of 500ml. The maximum working pressure for the vessel is 300 MPa. Temperature 
of the vessel was maintained by immersing it in a water bath. Two type K thermocouples with accuracy of ±0.01 K were used to 
monitor the temperature of both gas phase and liquid phase in the vessel. A PID controller with an ability to maintain bath 
temperature within ± 0.1K of set point was used to control the temperature of the thermostatic bath. A magnetic stirrer was 
placed in the vessel to ensure the liquid sample mixed properly. The stirrer is attached to a motor. A pressure transducer with 
accuracy of ±0.01 bar was used to measure the pressure inside the cell. The pressure and temperatures data are recorded and 
stored in a data acquisition system. A sample of 100 ml was loaded into the vessel. The vessel was then tightly closed, after 
which, the CO2 gas was boosted three times to purge the vessel and completely remove the air. Then, the temperature was set to 
284.15K and the vessel was pressurized at 35 bars. After the pressure stabilized, the temperature was then reduced to 274.15K. 
When the temperature reached 274.15K, the stirrer was turned at 500 rpm..  The data was the correspondingly recorded using a 
data requisition system at a 10s interval. The number of moles of carbon dioxide gas before and after the hydrate formation can 
be determined using real gas law. The gas consumed is the difference in number of moles before and after hydrate formation as 
written in the equation (1). 
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where P pressure, V volume, T is temperature, R is gas constant, and z compressibility factor which calculated from Peng – 
Robinson Equation of state. 
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Figure 2: Kinetic batch reactor setup.  
3.  Results Discussion 
Experimental measurements of density ρ, pH, and electrical conductivity λ, surface tension γ of 0, 0.001, 0.01, 0.03, 0.05, 0.1, 1, 
5, and 10 wt% aqueous TBAOH solutions at temperature 298.15 K are reported in Table 1. The density of pure water is found to 
be close to literature data within experimental error. The density is highest for pure water; however it decreases with the 
increment of TBAOH concentration. This trend can be attributed to the fact that the volume of the TBAOH ion pair is higher 
than that of a water molecule which leads to higher partial molar volume of TBAOH compared to water. TBAOH is a bulk 
molecule and is known to have a large steric hindrance; hence, it will contain large spaces in the aggregation. The water 
molecules, on the other hand are likely to fill the voids formed by the TBAOH aggregates because of the smaller  volume and 
hydrophilicty [22]. A very similar trend has been observed in the literature [23].  
 pH and electrical conductivity are measured at 298.15 K. The results presented in Table 1 show an increase of both electrical 
conductivity and pH with the increase of concentration. Compared to pure water, TBAOH increased the electrical conductivity 
significantly. The presence of more soluble ions in the water phase increased the mobility of ion species which results in an 
increase of electrical conductivity. A similar trend has been reported in the literature [24]. For pH measurements, the increment 
can be attributed to the presence of the hydroxide group depicted by the alkaline nature of the solution. This property can be 
utilized in many applications such as the use of TBAOH as absorbents for acidic gases. The change of the pH value of IL 
solutions according to their concentration and nature is very common and has been reported at various occasions in the literature 
[25]. 
Table 1: pH, density (ρ), electrical conductivity (λ), and surface tension (γ) of aqueous TBAOH solutions at 25ºC. 
 
Sample 
concentration (wt%)  
pH ρ (g.cm-3) λ (mS.cm-1) γ (mN.m-1) 
Pure water 7.21 0.9900 0.0015 69.79 
0.001 8.03 0.9859 0.0080 68 
0.01 8.81 0.9844 0.0908 65.96 
0.03 9.29 0.9840 0.2160 64.88 
0.05 9.55 0.9838 0.3320 61.74 
0.1 9.90 0.9835 0.6810 55.11 
1 10.86 0.9829 7.2800 47.24 
5 11.39 0.9828 15.220 40.11 
10 11.90 0.9828 21.600 31.8 
 
The surface tension measurement is the most important property for the hydrate promotion. Pendant drop based surface tension 
measurements are presented in table 1 and Figure 3. It can be observed from Table 1 that surface tension of pure water is 69.79 
mJ.m-2 which deviates by 3.1% from the theoretical value (71.97 mJ.m-2). The deviation is insignificant as this work focuses on 
comparing the effect of adding TBAOH on surface tension of water. It can also be noticed from figure 3 that TBAOH is able to 
reduce the surface tension significantly. Plot γ for the aqueous TBAOH solutions showed a decrease in γ with an increase of 
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TBAOH concentration. This is however, a non linear decrease as can be deduced from the graph which happens to be in line with 
the literature [26]. It can be concluded that TBAOH can reduce the gas-liquid interface tension and enlarge the contact area. 
Therefore, the mass transfer resistance between hydrate formers and water is reduced and the gas molecules solubility is 
increased, as a consequence, better mass transfer effects are gained. Subsequently, TBAOH can have a dual functionality; i.e. it 
can be a thermodynamic promoter as reported in the literature or a kinetic promoter. Lowering surface tension by TBAOH can be 
utilized for many other applications.  
 
Figure 3: Surface tension of aqueous TBAOH solutions at different concentrations.  
To verify the ability of TBAOH to work as a kinetic promoter, gas hydrate experiments were conducted for water-CO2 and 
water-TBAOH solution- CO2 systems. Gas consumption was measured for both cases and calculated according to equation (1). 
The results depicted in Figure 4 show a higher CO2 consumption in presence of TBAOH. The gas consumption is increased with 
the increase of the concentration from 0.1 wt% to 5 wt%. As a result, TBAOH acts as kinetic promoter as well as thermodynamic 
promoter as reported in the literature. 
 
     
Figure 4: Carbon dioxide consumption of aqueous TBAOH solutions at different concentrations.  
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4.  Conclusion and Recommendations 
In this work the density, pH, electrical conductivity, surface tension, and CO2 gas consumption measurements of aqueous 
TBAOH solutions have been reported. Results showed a high dependency of these parameters on the concentration. Within the 
studied concentration range, pH and electrical conductivity are increased at higher concentrations. While the density and surface 
tension decreased. We concluded that TBAOH can be good solvents for acidic gases such as CO2 due to its alkaline nature. Also 
the ability of TBAOH to reduce the surface tension significantly promising for gas hydrates promotion effect. That was 
confirmed when hydrates experiments were conducted. The amount of CO2 consumed to form hydrates increased significantly in 
the presence TBAOH solutions.  
Acknowledgements 
The author expresses their appreciation to Chemical Engineering department, Research Center for CO2 capture, and Flow 
Assurance Lab of Universiti Teknologi PETRONAS for providing the facility for gathering of experimental data. 
References 
[1] J. D. Holbrey, W. M. Reichert, R. Reddy, and R. Rogers, "Ionic liquids as green solvents: progress and prospects," in ACS symposium series, 2003, pp. 121-
133. 
[2] P. N. Tshibangu, S. N. Ndwandwe, and E. D. Dikio, "Density, viscosity and conductivity study of 1-butyl-3-methylimidazolium bromide," Int. J. Electrochem. 
Sci, vol. 6, p. 2, 2011. 
[3] H. Rodríguez and J. F. Brennecke, "Temperature and composition dependence of the density and viscosity of binary mixtures of water+ ionic liquid," Journal 
of Chemical & Engineering Data, vol. 51, pp. 2145-2155, 2006. 
[4] D. Camper, J. E. Bara, D. L. Gin, and R. D. Noble, "Room-temperature ionic liquid− amine solutions: Tunable solvents for efficient and reversible capture of 
CO2," Industrial & Engineering Chemistry Research, vol. 47, pp. 8496-8498, 2008. 
[5] J. E. Bara, T. K. Carlisle, C. J. Gabriel, D. Camper, A. Finotello, D. L. Gin, et al., "Guide to CO2 separations in imidazolium-based room-temperature ionic 
liquids," Industrial & Engineering Chemistry Research, vol. 48, pp. 2739-2751, 2009. 
[6] J. E. Bara, E. S. Hatakeyama, D. L. Gin, and R. D. Noble, "Improving CO2 permeability in polymerized roomǦ temperature ionic liquid gas separation 
membranes through the formation of a solid composite with a roomǦ temperature ionic liquid," Polymers for Advanced Technologies, vol. 19, pp. 1415-1420, 
2008. 
[7] M. C. Buzzeo, R. G. Evans, and R. G. Compton, "Non-Haloaluminate Room-Temperature Ionic Liquids in Electrochemistry—A Review," ChemPhysChem, 
vol. 5, pp. 1106-1120, 2004. 
[8] L. Xiao and K. E. Johnson, "Electrochemistry of 1-butyl-3-methyl-1H-imidazolium tetrafluoroborate ionic liquid," Journal of the Electrochemical Society, 
vol. 150, pp. E307-E311, 2003. 
[9] C. M. Gordon, "New developments in catalysis using ionic liquids," Applied Catalysis A: General, vol. 222, pp. 101-117, 2001. 
[10] J. S. Wilkes, "Properties of ionic liquid solvents for catalysis," Journal of Molecular Catalysis A: Chemical, vol. 214, pp. 11-17, 2004. 
[11] A. H. Mohammadi, A. Eslamimanesh, V. Belandria, and D. Richon, "Phase Equilibria of Semiclathrate Hydrates of CO2, N2, CH4, or H2 + Tetra-n-
butylammonium Bromide Aqueous Solution," Journal of Chemical & Engineering Data, vol. 56, pp. 3855-3865, 2011. 
[12] J. Deschamps and D. Dalmazzone, "Hydrogen storage in semiclathrate hydrates of tetrabutyl ammonium chloride and tetrabutyl phosphonium bromide," 
Journal of Chemical & Engineering Data, vol. 55, pp. 3395-3399, 2010. 
[13] S. Fan, S. Li, J. Wang, X. Lang, and Y. Wang, "Efficient capture of CO2 from simulated flue gas by formation of TBAB or TBAF semiclathrate hydrates," 
Energy & Fuels, vol. 23, pp. 4202-4208, 2009. 
[14] L. Aladko, Y. A. Dyadin, T. Rodionova, and I. Terekhova, "Clathrate hydrates of tetrabutylammonium and tetraisoamylammonium halides," Journal of 
Structural Chemistry, vol. 43, pp. 990-994, 2002. 
[15] A. A. Karimi, O. Dolotko, and D. Dalmazzone, "Hydrate phase equilibria data and hydrogen storage capacity measurement of the system H2+ 
tetrabutylammonium hydroxide+ H2O," Fluid Phase Equilibria, vol. 361, pp. 175-180, 2014. 
[16] G. Law and P. R. Watson, "Surface tension measurements of N-alkylimidazolium ionic liquids," Langmuir, vol. 17, pp. 6138-6141, 2001. 
[17] S. A. Buckingham, C. J. Garvey, and G. G. Warr, "Effect of head-group size on micellization and phase behavior in quaternary ammonium surfactant 
systems," The Journal of Physical Chemistry, vol. 97, pp. 10236-10244, 1993. 
[18] L. Zhang, S. Zhou, S. Wang, L. Wang, and J. Li, "Surfactant Surface Tension Effects on Promoting Hydrate Formation: An Experimental Study Using 
Fluorocarbon Surfactant (Intechem-01)+ SDS Composite Surfactant," 2013. 
[19] Q. Cao, X. Lu, X. Wu, Y. Guo, L. Xu, and W. Fang, "Density, Viscosity, and Conductivity of Binary Mixtures of the Ionic Liquid N-(2-Hydroxyethyl) 
piperazinium Propionate with Water, Methanol, or Ethanol," Journal of Chemical & Engineering Data, vol. 60, pp. 455-463, 2015. 
[20] C. Xiao, N. Wibisono, and H. Adidharma, "Dialkylimidazolium halide ionic liquids as dual function inhibitors for methane hydrate," Chemical Engineering 
Science, vol. 65, pp. 3080-3087, 2010. 
[21] K. M. Sabil, O. Nashed, B. Lal, L. Ismail, and A. Japper-Jaafar, "Experimental investigation on the dissociation conditions of methane hydrate in the 
presence of imidazolium-based ionic liquids," The Journal of Chemical Thermodynamics, vol. 84, pp. 7-13, 2015. 
[22] A. Nitta, T. Morita, S. Saita, Y. Kohno, H. Ohno, and K. Nishikawa, "Density fluctuations in aqueous solution of ionic liquid with lower critical solution 
temperature: Mixture of tetrabutylphosphonium trifluoroacetate and water," Chemical Physics Letters, vol. 628, pp. 108-112, 2015. 
[23] R. Safdar, A. A. Omar, L. B. Ismail, A. Bari, and B. Lal, "Measurement and correlation of physical properties of aqueous solutions of tetrabutylammonium 
hydroxide, piperazine and their aqueous blends," Chinese Journal of Chemical Engineering, vol. 23, pp. 1811-1818, 2015. 
[24] H. Xing, P. Yan, K.-S. Zhao, and J.-X. Xiao, "Effect of Headgroup Size on the Thermodynamic Properties of Micellization of Dodecyltrialkylammonium 
Bromides," Journal of Chemical & Engineering Data, vol. 56, pp. 865-873, 2011. 
[25] C. A. Ober and R. B. Gupta, "pH Control of Ionic Liquids with Carbon Dioxide and Water: 1 -Ethyl-3-methylimidazolium Acetate," Industrial & 
Engineering Chemistry Research, vol. 51, pp. 2524-2530, 2012. 
[26] L. A. S. Ries, F. A. do Amaral, K. Matos, E. M. A. Martini, M. O. de Souza, and R. F. de Souza, "Evidence of change in the molecular organization of 1-n-
butyl-3-methylimidazolium tetrafluoroborate ionic liquid solutions with the addition of water," Polyhedron, vol. 27, pp. 3287-3293, 2008. 
